(Recent >Jan 2024 results on) (o
SM Higgs properties and rare decays
in ATLAS

Marc Escalier, [JCLab Orsay/France, on behalf of ATLAS Collaboration

(see other presentation by Ruggero Turra, ATLAS searches in the Higgs sector for H_,,5)

With the full Run 2 pp collision dataset collected at 13 TeV, very precise measurements of Higgs boson properties and its interactions can be performed,
shedding light over the electroweak symmetry breaking mechanism. This talk presents measurements performed using the Run 2 dataset, as well as first
results using the Run 3 pp collision dataset collected since 2022 at 13.6 TeV. Measurements of the Higgs boson properties by the ATLAS experiment in
various decay channels are shown, including its production cross sections, simplified template cross sections, mass, width, CP quantum number, differential
and fiducial cross sections, as well as their combination and interpretations. Specific scenarios of physics beyond the Standard Model are tested, as well as a
generic extension in the framework of the Standard Model Effective Field Theory. The talk also presents the latest HH searches, which are sensitive to the
Higgs boson self-coupling. results are shown in terms of sensitivity to the SM HH production and limits on the Higgs boson self-coupling.
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I}, with H*>ZZ->4l

* Selection (here X=S(gg)+B+I)

Kinematics, Higgs off-shell: 180<m <2000 GeV S‘f;;"}gfgﬁewfb- woz
Event description using 14 obs. +preselection Neural Network (NN) & /- = -
+Control Region for background i o Gy |

* Neural Stmulation-Based Inference (NSBI)
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Run 2, Vs=13 TeV, L=140 fb’!,
. October 2024

* Complex selection * Results
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 STXS (H->bb), (cross-sections in fine granularity
kinematic fiducial regions)
Category mirroring fiducial regions

* VH interpreted in k-framework
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ATLAS, Run 2, Vs=13 TeV, L=140
ttH, H>bb o,

Events

Data / Bkgd

* Complex final state: leptons (e, ), jets, b-jets July 2024
Categories: #lepton, resolved/boosted (1-lepton), #jets, #b-jets

 multiclass NN: defines SR, CR
Pairing jets-Higgs: second NN to reconstruct p;! for STXS
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H-2> 11, diff. measurement  coovromi
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* Categorisation for STXS (and VBF for do/dX)
VBE, tt(0D)H, V(had)H, ggF boost (p:>100 GeV),
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Higgs combination (STXS, do/dX) EFT interpretation

JHEP 11 (2024) 097

* Inputs: o prod. modes (STXS-0), STXS-1.2: H>yy, HSZZ >4l HOWW*Sevuv, H>Zy, HObb, H>1r,

H>up, do/dp: H>vyy, H>ZZ >4l
e Parameterisation rates: SMEFT, Warsaw basis

« Cross-section x BR: parametrized, Linear in ¢, (~A?) or lin+quadratic in c; (~A™)

Comparison: qualitative info on validity neglecting dim-8 Loy =
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* Eff x accept: restricted kinematic region: not parametrized: theoretical sysfematic

* Decay: f(EFT) (no restriction to kinematic region)
2 bodies: small effect: small. >2 bodies decays : parametrisation

* Shape final discriminant: negligible effect on (eg m,, for H>yy), else parameterised
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Higgs combination (STXS, do/dX) EFT interpretation

* Results for STXS (here linear)

ATLAS
V5 =13 TeV, 139 o', my = 125.09 GeV

SMEFT A =1 TeV
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* Results for do/dp;, H>yy, H>4l
Linear only; eigenvectors different
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* Also interpreted in 2ZHDM & MSSM: 8 benchmarks (see backup)



o , orany * 95% CL upper limit
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Very rare decays

ATLAS, Run 2, Vs=13 TeV, L=140 fb’!, , July 2024
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Run 3 H>yy + H>ZZ" cross-section measurement EPJC 84 (2024) 78

H->yy+H>ZZ">4l, measurement at my;=125.09 + 0.24 GeV

o ) not a ‘new’ result
Fiducial cross-section, then extrapolated to full phase space ( )
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Non-resonant HH Combination

101801

* Channels (overlap data & MC: <1% in SR<negligible) f(x,) of 1-H neglected
bbbb (resolved, boosted), bbTT (1 rhad—L bbll+MET), bb'Y’Y, mUItileptOIl (beZ*, VV*VV*, VV'1r, 11171, 7y VV*, yyrr)
, bbII+MET (bb + zz*, ww*, t0)>11)

* Final DV: myy, m,, MVA ¥
® lelt on HH ATLAS —s— Observed limit (35% CL) K?\) 95 % CL
__ Expected limit (95% CL)
e W Eaodinista. obs:]-1.2;7.2]
QEENRES =1 Expected limit +20 N
| Obs.  Exp. eXp: ]—1 6 ; 72[ bbyy most sensitive
bbit + Efiss|— | z 10 14
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95% CL upper limit on HH signal strength Ly eXp

expected: 17% improvement wrt PLB 843 (2024) 137745
13%: bbtrt, bbyy, bbbb | 4%: add multilepton, bbll+MET

Best expected sensitivy to date on pyy & K,
 HEFT constraints bbtt, bbyy, bbbb
95% CL intervals
obs: -0.38<¢,,,<0.49 (exp: -0.36<C,,;,<0.36)
-0.19<c,;,<0.70 (exp: -0.27<c;,,;<0.66)

Most stringent
constraints to date 14



ATLAS, Run 2, Vs=13 TeV, L=126 fb’l,

, Nov. 2024
Non Resonant (includes also a resonant analysis)
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* Pairing (61% efficiency); over all pairs, minimize |my,-120 GeV|+/my,-115 GeV|+|my;-110 GeV]
values: detector effects, energy lost from neutrinos, out-of-cone radiation
Categories: SR: 6b, CR: 4b, 5b

Bkg: dominated by QCD multijets; data-driven; extrapolate from CR

Profile likelihood, DNN
o Limit pyyy: 750xSM

95% CL intervals
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Conclusions

» Higgs Width w/ NSBI, I';;=4.3"27, ; MeV

» Update results for (VH, ttH)=>bb, VH->cc, H> 1t
* EFT interpretation of Higgs combinations

 HH comb: 95% CL limit: 2.9xSM

 HHH search already started

So far, SM never been faulted in Higgs sector
* Prospects

Run 3: already more stat than Run 2 (JL, #interactions per bunch crossing, o (higher energy)

o T T T T T T ) - LELI LN L L L LN N JEL B BB R
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E tt jets, £, = 70% N agglng ) . . e HH— bbt*t” searches
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2 ] 9 I 0 A JHEP 07 (2023) 040 |
_§ 40F Run 3 reco 11500 & = o ¥ Phys. Rev. D 110 (2024) 032012 |
I recurrent GN1 ) 5 5 e Luminosity-based scaling
¥ DL1d 11000 = =
I DL1r I = L e
- oLt 1 3 | outperformmgl
| x tati ]
| I, % expectation  ap...
2017 2018 2019 2020 2021 2022 2023 -~ o e o i e N s i
Year £ I

l ' J\ Y J 2076080 100 120 740 160 180 200
Neural Network Graph Neural Network Integrated Luminosity [fb™

To follow future developments. Thank you for your attention y

See also ATLAS HL-LHC, upgrade, physics prospects, Savanna Shaw






F Wlth H % ZZ % 41 CERN-EP-2024-298

2 My

:: arXivi1206.4803 | dof=VV gpmd (8) gdecay (%)
| | dmyy — mjTh + (mpy, —mg)?
el | (1) oty o roa ey ). SOkl o g2 (g8, 5)
f H on-shell H off-shell: 10% contribution
< . 1 Z off shell Z on shell
—~>disentangle '
=5° 5 (if no BSM alterlng on, off- couplings differently for ggH (loop), HZZ)

100 2 My 1000

[ GeV]
-___ NI (non-interfering)

gz | Mg |* o gggV 2Re(MsMpg) < gq9y<0
P ==
g 7z 9 QQQ = 7z 9 : II”.
qq |M|% e gy 2Re(MsMp) « gi
(EW)

q . q p q Z
gv  gv
H’U
q 2 q Z (} Z

Unique scaling for each component—> pdf=f(k,, ky) (data-driven: Control Region)



H” 922941 off-shell, I';;, NSBI

p(xl.uoff shell? luoiT 5hf:ll) = EwW X

(‘uuﬂ' shell? -‘uuﬂ shell

F F F
g8 l!“ﬁff chell Vs PS "(x) +'V”§ff shetl VT gg (x) + vy %g (x) +

EW _EW_EW [ EW EW EW EW  EW
Ad  Hoffshel”s Ps (X) +lHogpen”t P1 (X)) +vy pp- (X) X)

(data-driven: Control Region)

go : SBI generated: deduce interference term
EW: can’t generate off-shell signal only
—> generation w/ various signal strength—>parametrise from linear algebra

19



I}, with H*>ZZ->41

* Selection
>4 leptons (e, p), pr 3 leading ones: >20, 15, 10 GeV
Not on-shell: 180<m,<2000 GeV
Lepton quadruplet: 2 OS, SF dilepton pairs.
[f ambiguity: choose closest to m,
Z,: closest to m,

event: 14 observables ‘ @,
+preselection: cut multi-class NN

* Neural Simulation-Based Inference (NSBI)
Builds per-event likelihood ratio using NN from 14 observables

. .. 210" ATLAS | wozz
optimally sensitive to any value of p g 107 VESISTOV 0BT g ot iz
. . . . « e . S 1071 SH* 5)2Z+2] —
Binned: events inside indistinguishable: loss stat power. e = S T
Increase dimensionality histogram: pb curse dimensionality O e
10" lm -

—>better approximation of exact likelihood ratio 10

PP NSBI model

215
_eqti x|u, 6 ] X <10 :
NN-estimated pdf p&lp.0) _ Z (. 0) vx px(x) 5ooh s
Pref(xX) v(p, 0) Pref(xX) 00 02 04 08 08

processes X

NN predicted score function (SBI vs ref)

Reweight for factor for ratio wrt g =1 20




I}, with H*>ZZ->41

Zobs:2°5 (Zexp:1'3)9 uoff—shell:O‘87+O.75—O.54 (CXpI 1'OO—FLO4—O.95)

Combination w/ 212v channel: Zyw=3.7 (Z=2.4)

exp

Hofr-shel™ L -06+0'62-0.45 (exp: 1-00+O'83-0.83)

—evidence off-shell (already in past)

+x framework results

9gF — 2 j2
Worf—shett = Kg,off—shell Kv, of f—shell

EW
uoff—shell

4
KV, of f—shell

3 8F

ATLAS C ATLAS Simuation

& i
5 V5 =13 TeV, 140 fo-! Obs NSBI s " ]
e 175 ——— ExpNSBI i V§=13TeV, 140 fb )
—-— Obs Histogram = —— Unbinned NSBI _ 6
15-0 —— Exp Histogram - ——— BTnned |Og [ps /p(,u =1 0)] |
125
4

I | | |

‘\I\\‘l\%ll\ I\IIIlIIIIlIIHIII

----------------

111

M oft-shell

Combination w/ on-shell H>ZZ7Z—->41

- ATLAS Simulation
- Vs=13TeV, 140 o1

—— Unbinned NSBI
—=~ Binned log [ps/p(u =1.0)] 15 bins
+  Binned p(y = pscan)/p(1 =1.0) 15 bins
Binned p( = Psecan)/p(p = 1.0) 20 bins
*  Binned p(y = Uscan)/p(1 = 1.0) 30 bins
s Binned p(K = Uscan)/p(1 = 1.0) 90 bins

I'=4.3"27 MeV (exp: I =4.1"35, , MeV) 21



H™->tttt off-shell, I}

One could instead prob off-shell Higgs at tt kin. threshold
No more rely on ggH, HZZ: rely on tree-level Htt coupling
(assume same Htt on-shell & off-shell)

off-shell on-shell

ttH dominates sensitivity,
but other prod modes considered
(many final states)

e (Combination
Correlates sytematics when relevant
Parameterisation event rates: k-framework

* Results (syst. dominated: theory) Much less sensitivity than H>ZZ:

95% CL upper limit on T degeneracy of some k (eg Ky)
obs: 110xSM (450 MeV)

exp: 18xSM (75 MeV)

If ‘resolve’ loop:

obs: 160 MeV 2
exp: 55 MeV



Run 2, Vs=13 TeV, L=140 fb-,

* Selection: complex

b-jet correction: ¢ | up to 40 % (f(categ))

Flavour tagging: DY, . discriminant 70% WP
D¢y, , discriminant 45% WP

» Categories: V(vv/Iv/1l) [suppr. multijets], #b, #c jets, prY, H(resolved: #jets)
pr">75 GeV (1, 2 leptons), >150 GeV (0 lepton)

-pr'<400 GeV: resolved: small-R jets (b & ¢), =2 b-jets, >1 c-jet, 0 b-jet
m;>50 GeV, AR(j, J,)<n

pr leading jet>45 GeV

CR for c-category

-pV>400 GeV: boosted: large R-jets (b only)
m;>50 GeV, >2 matched track-jets, (H,,: =2 b-jets)

* Fmal DV: BDTs

e Validation: VZ (Z,,>35) 23

obs



Run 2, Vs=13 TeV, L=140 fb’!,
. October 2024

Events / 0.35

Pull (stat.)

* Complex selection

b-jet correction: 6,4 | up to 40 % (f(categ))
Flavour tagging: DLIR: b: 70%, c: 45%
Categories: V(vVv/Iv/1l), #b, #c, #light jets, pr" (resolved, boosted)
Control Regions + validation analysis: VZ (Z, >5)

Final DV: BDTs
e Results

obs

H->cc I

—_

e
10% ¢ Data o e BRI o o A B 12 . T T T ATLAS — Observed
ATLAS 5 bb (=0 ] 210 e Data e
15 =13 TeV. 140 " =::e':s B 4=0.92) ATLAS VH, H-s bB/CE, V=13 TeV, 140 10”| | 5 1o''G. ATLAS T {5=13 TeV, 140 fb" = E:;’:ﬁ:ﬁ Y
1 ' ) 12 Vs=13TeV, 140 1" W Z+hf B "
All BB-tag SR I Wajets 2 : VH, H — bbl/cT
= I Singie top, t/s-chan —Totalunc —Stat.unc  Tot. (Stat, Syst.) !5 10K ayc,cec miagsns o wemne [0 Expected + 20
Top(boosted) 14107 I Woht 0 lepton
Top(balqq) ! Top(ba/qq) Exp.= 17x SM
5 Topibt WH, Ho> b6 —ei— 005 90 (092, 20)| | Mt Gbs= 1 SM
Multijet ! - - : : ' 9 Diboson
o et 2 =) . R vepon [ A
I VH, H - ¢E (1=1.0) ! I VH, H— bb (1=0.92) Exp.= 17 % SM
' .
[E——— 0.23 +0.15 4017 Obs.= 21x SM
ZH, H— bb = 0.88 55 (-0.15 o1 ) '
—. ! 2 lepton
......Zgb._...4.:9....A............................. ! Exp.= 18 SM
, Obs.= 22x SM
Comb. VH, H— bb = 0.92 015 (:040 4013) |
V4 :74 o8 ' ’ ! Combination
e g bl obely ! Syt gty sea S ! Exp.= 11x SM
5EF 06 08 1 12 14 16 18 2 22 Obs.= 12x SM

L L PSR ST [ T N A IR RN
15 20 25 30 35
95% CL limiton p
VH(eT)

Pull (stat.)

oF 3 4 oo
TN L W O A A N A
35 3 256 -2 -15 -1 05 0 N
log, (S/B)

First observation of WH, H->bb VH(cc) 95% CL limit: 11.5xSM

Improvement previous analysis: better reco, ¢alibration 1, jets 24
Improved flavour tagging b & c. Extended aG;ceptance pr'<150 GeV, Improved MVA



* VH interpreted in k-framework

bb
Hyvg

CC
Hyy

K./K|: no assumption on I'y

K
L+ B (k7 1)+ B! (k2= 1)

2

- Ke
1+ B2 (k3 — 1)+ Bt (k2 —1)

95% CL limit

obs: 3.6

exp: 3.5

x B [fb]

V
lep

ox B

3

= -

8 B

< TR
4-
3
2}. ...........
-
0 C |

l T T T I T
ATLAS
Vs=13TeV, 140 fb”
VH, H— bb/ct

95% CL Intervals:
Observed: [-3.6, 3.6]
- - Expected: [-3.5, 3.5]

L L B
[}

Ratio to SM

— |K =|K,
ey, J=ley,|
I
I
e "
» ¥
% 4
A} J:
A J
L )
L]
] [ 4
t ’
................................... [ T
\ /
LY
I 1 TI‘I_J I_l ﬁ 1 I
4 -2 0 2 4

Confirming non-universality
of Hqq coupling: Y, ..<Y i

5
10 ? ATLAS
Vs=13 TeV, 140 fb™

10*
10°
10°

10

Dominated by stat uncertainty

STXS H->bb, 13 bins kinematic fiducial regions
Category mirroring it

o

VH, V — leptons, H— bb cross-sections
® Observed

== Theory (SM) |_] Theo. unc.

T l' [T ||Iﬂq Illlﬂﬂy_T_TTﬂﬂq Illlwq Illlﬂw Illlﬂw

fed

5
o 0 %
< w <
950 ﬂoo




ATLAS, Run 2, Vs=13 TeV, L=140

ttH, H>bb, 1 or 2 leptons  w-.

* Complex final state: e, u, jets, b-jets

Ingredients preselection (acceptance: 6.3% for ttH)

1-lepton 2-leptons channels
u b (resolved, boosted) (resolved)
"""" b 0S
if ee or pp: m;>... (suppr. HE, DY)
b ¢ m,=... (suppr. DY)

veto f(#t,,): - ttH other decays
#jets, #b-jets
Lepton 1d & isolation (suppr. non-prompt, fake lepton)

 multiclass NN: defines SR, CR
Pairing jets-Higgs: second NN: reconstruct p for STXS

* Background
Primary: tt+jets: MC+data-driven corrections
Secondary: 1-t, ttW, ttZ, tttt, VH+jets, VV: MC

Non-prompt: data & MC: f(#leptons)
26



ttH, H->bb, 1 or 2 leptons

1-lepton: =1-lepton, resolved/boosted

resolved: >5 jets w/ >3 b-jets (70% WP)
boosted: >1 large-R jet, >4 small-R jets (including large one) w/ >3 b-jets (85% WP)

2-lepton: =2-leptons, OS
ee: 2" lepton p>15 GeV
eu, pp: 2" lepton p=>10 GeV
ee, uu: m>15 GeV (suppr. HE, DY),& m,+ 8 GeV (suppr. DY)
>3 b-jets (85% WP) w/ >2 b-jets (70% WP)
>1 lepton p>27 GeV
veto f(#1, ,): L ttH other decays
Lepton id & isolation (suppr. non-prompt, fake lepton)

SR, CR: output of multiclass NN
Pairing jets-Higgs: second NN: reoncstuct p for STXS

27



ttH, H->bb, 1 or 2 leptons

* Results inclusive & STXS (bins p)
Z =46 (Z,=5.4) * Yield=f(log,,(S/B))
Weey = 0.81 £ 0.11 (stat)922 (syst)

o L L L R L L L
T T T T T T T s 6 _ATLA Data —
ATLAS l®f Total Unc. = Syst. only Stat. only SM + Theory :>j 10 = r _ 1‘3‘3-]- \V 140 fb-1 * ‘H =1 0 =
Vs =13TeV, 140", my=125.09GeV Total (Stat. Syst.) - _SH_(bE) eV, -tEH ?JSM _0 81)) :
C t tT =0. ]

H B +0.69 +0.52 +0.46 ] M,

Pt €[0,60) GeV HE I 125 “oss  -os1 - 04 - Single-lepton and Dilepton |:|Backg:'tound .
pfe[60,120) GeV |- Hemm== 077 5% 0% lom - 10°-Postfit ///Bkgd.Unc. =
pt €[120,200) GeV |- F—— 0.88 023 ‘o3 ‘oz ;*-L._I_'_I—l E
pY €[200,300) GeV |- e 0.77 “0% 035 ‘oz - i i

R c044 10 E

P €[300,450) GeV |- Hem== 027 g3 ok 0w - = s

P E[450,0) GeV | Hm— 063 ‘08 ‘o7t ‘oas - __‘—J_‘._I""L_h

Inclusive |- - 081 5I  0M Tois - 10°E =

| | | | | | | - =

P R E E RN RN RN EPUN R

0 1 2 3 4 5 6 M B 185 i (u,, = 1.0 + Bkod &

Ofn/ O @ 120 gy = 0.81) + Bkad e B

o 1.1 fit —

. . . I , , e e

Most precise ttH cross-section measurement 1n a 8 G T
. ) ] ) 23 25 2 15 1 0.5

single decay channel, inclusively and in each p log, (S/B)

) T 10

Legacy: main improvements: Increased acceptance
Advanced b-jet identification
Better CRs from multiclass neural network
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Run 2, Vs=13 TeV, L=140 fb-,

Events / Bin

Data—Bkg

ThadThad> Tlep Thad» TeTy (different flavour)
Fake objects: data-driven measurements
Missing Mass Calculator: likelihood for m_,

» Categorisation for STXS (and VBF for do/dX)
-VBEF: 2 high-py jets large [An;|, m;
-tt(ODH>1,4T1.4° =6 jets (=1 b-tagged)
or >5 jets (>2 b-tagged)
-V(had)H: 60<m;;<120 GeV, p~*>1d>30 GeV+BDT
-Boost (ggF): p>100 GeV, subsplit by kinematics

subsplit: BDT

T T I Trrr l L [ Trrr 'I Trrr I T I Trrr l L
[ ATLAS ' o
- _ Data Misidentified -
100—£:r1_3Tev’140fb ! mmm Hotr(x0.99) mmm Others —
[ VBF_1 my> 1000 GeV fo_;" Uncertainty |
L Post-Fit -

80

af- 1 i First VBF measurement in
_ 4 4 higher-p and most

N o v P precise for lower p!
40—‘"'|“"I""I""I""+""I""I"'L—

e Production modes

—T 7T 7T T T T
-1
ATLAS Hott {s=13TeV, 140 b
=Tot. BSyst. X Theory p-value =99%
Tot. (Stat. Syst.)
|
+0.32 4015  +0.28
ggF —o—1 094 57 (015 022 )
l +0.63 +0.53 +0.35
VH ———— 0.91 -0.60 ( -0.51 -0.33 )
‘ +0.17 +0.12 +0.12
VBF e 093 555 (o017 oo )
‘ +1.01 +0.87 +0.52
ttH ————— 0.77 —0.92 ( 077 —0.50 )
"[ """"""""""" 042 4007 1010 |
Combined ko 0.93 547 (oo -009 )
_tOtal - | PP SRR S TR URE NSRRI S
0 1 2 3 4 5 6
meas SM
(6xB)"™*/(oxB)
e STXS
L 0 o e
ATLAS Hott fs=13TeV, 140 b
=Tot. @Syst. ::Theory p-value = 6%
Tot. (Stat. Syst.)
W 0.35 08! <038 +049
gg-H, Tiet, 120 < pl! < 200 GeV [ 35 Toe1 (Toa7  oas )
gg—H, > 1-et, 60 < p}! < 120 GeV —— 050 ‘0% (05 05)
g9-+H, 2 21et, m, <350, 120 < plf < 200 GeV 1t 0.53 978 (ok %)
" +3.09 +1.66 +2.61
gg—H, 2 2-jet, m;aasﬂ GeV, p'-:EDD GeV L —— 5.09 _2.49 ( _164 -1.87 )
00-2H, 200 <p" < 300 GeV’ ol 099 4% (%% %3)
+0.59 +0.44 +0.39
gg—H, p:zsoo GeV o 1.51 -0.50 ( -043  -0.26 )

B aq'-+Had', > 24et, 60 < m, <120 GeV N 0,99 58 (ST Ay
qq—+Hqq., 2 2-et, 350 <m <700 GeV, pf < 200 GeV R -0.96 1T (9% 0
ag->Hag’ 22]et, 700 < m <1000 GeV, p} < 200 GeV - 0.24 00 (08 e

qg™-+Hag’ > 2jet, 1000 < m < 1500 GeV, b < 200 GeV [ 168 G (98 0%)
qa->Hag', 2 2Jel, m_ = 1500 GeV, p! < 200 GeV W 02 45 (2 5L
" n . H 1 +0.87 +0.75 +0.44
qa'—Haq', = 2-jet, 3505m)<700 GeV, p' 2 200 GeV e -1.16 0.81 ( 055 0.59 )
qq'-+Hag’ 2 2jel, 700 <m <1000 GeV, pl' =200 GeV - 098 3T (0% 1%
au'->Haq', 2 24et, 1000 s m < 1500 GeV, pl! 2200 Gev [ 1.40 'j::: ( Zgji ﬁ?g )
aq—>Hag’, > 261, m > 1500 GeV, pf >200 GeV & 129 195 (9% 5%
1H, Y < 200 GeV H— 24 38 s A2y
11H,200 < pf <300 GeV | pmat 22 57 (% 48 )
H, ! > 300 GeV | 3|-5 7 I(i? _E.gl )
.....................
0 5 10 15 20
(oxB)™***/(5xB)™



: f.: out-of-acceptance : #events pass fiducial & reco / #events ass reco level selection
[ ] ]
dG/dX W/ VBF SeleCtlon M: migration matrix, Prob(reco bin j | truth bin 1)<>M-!: Prob(truth bin i | reco bin j)

M Ndata bkg g;: #events in fiducial region and rec / #events in fiducial region
o Z
']’ LE,, Y fj ) (full phase space )
T | #events S in rec bin | O rec region
truth bin | T \
- TCC | #events S in rec bin | j in fid. region | O fid. region
. bin . . .
-\ #events S in truthbin i in rec bin i 1O \ J

_ #events S in truth'bin i in all rec-level bins | @
#events S in truth binli in fiducial region (unfolding) ®)

rec bins: mirror fiducial regions of STXS T Famm —amamene § sewnes
S s EsTev 0w om0 e O S

Fiducial phase space (83% VBF) R I e E
Y N T R =

. H : '8 e e .
Prio)s Pt AL, Agsiened R T =
Precision: 30- 50% 05 \ =
Ad;siened sensitive to the VBF production vertex A R
: : : P e — :

Interpreted in SMEFT. Probe 3 Wilson coefficients s ost b4 ! s
- B B B

and CP-odd counterparts. o
Strongest constraint on CP-odd ¢y 30



H—2>1t, diff. measurement coovrrom

Wilson coefficients: CL intervals

CP-even CP-odd

RIS AR RN LR N RN LI L LI L | LA L B I | LI LI
ATLAS ) . ATLAS .
s =13TeV, 140" Exp. Lin. . Exp. Lin.+Quad. {s =13 TeV, 140 fb Exp. Lin. . Exp. Lin.+Quad.
Hote, 407" =-Obs.Lin. - Obs. Lin.+Quad. Hote, 40" vep! - Obs. Lin. - Obs. Lin.+Quad.
| 95% CL interval | | 95% CL interval N
c ko c ke
HW =] HIW Fei .
] ] Strongest constraint on
k <« - i F - - i CP'Odd Cyviy
e e e e e i I — HW
Hwe B Hie o
I | I ; | SMIEFT modcil I i ; IGPV SMEIFI' model
-30 -20 -10 0 10 20 30 -15 -10 -5 0 5 10 15
Parameter Value Parameter Value
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Higgs combination (STXS, do/dX) EFT interpretation ;105 11 0004y 097

* Model independent: SMEFT, Warsaw basis

-Higher-dim operators built from SM fields (CP-even operators [odd: too small effect])
-UV-unsafe but cut-off A (1 TeV, but rescale possible)

-top flavour symmetry: 2 first generations quarks treated similarly

* Inputs
-6 prod. modes (STXS-0), STXS-1.2: H>yy, H>ZZ'>4l, HSbb, H>1tt, HOWW Sevuv, H>Zy, HOup
-do/dpH: H>vyy, H>ZZ >4l
Reparameterisation=f(c,) Wilson coefficient
MadGraph, SMEFTSim

1+ (A7 4 AT ¢+ 0 (A7)
-

(XBYHKHX = (oxBYTEHOX |

¢ Cross-section x BR: parametrized SMEFT PYHVRLD L+Z A" +0 (A)
Narrow width->factorize: independent prod x decay 10 subsequent Taylor expansion for
Linear in ¢, (~A?) or lin+quadratic in ¢; (~A™) decay (bias for high c)

Comparison: qualitative info on validity neglecting dim-8

e (6) c? (8)
— l l
Lerr = Loy + E e 0;” + E Fai
l L
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eff x accept: not parametrized
STXS fine granularity=restricted kinematic region : acceptance = insensitive to EFT

Assumed theoretical systematic cover possible modification

Decay: f(EFT) (no restriction to kinematic region)
2 bodies: small effect: small.

>2 bodies decays : parametrisation

-0.002

A

CeHm=-0.02
=0.04

Cz*H 22
C‘J

Hg
c,,=0.04

NE

O

O

Ozy

m,, for H>vy), else parameterised

Production modes
OwH

Ovgr

0}
ggF
13 TeV, 139 fb™

_ATLAS
s

1
0.5
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expected uncertainty
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Higgs combination

Even though top symmetry:
too many operators, and
correlations

: -1
Eigenvectors from Vg ppr

eigenvectors

tors ¢’ (fit basis)

eigenvec

(STXS, do/dX) EFT interpretation

ATLAS /5=13TeV, 138 1"

elll 001 002 -005-047 0.02 .m ~0.41-0.02-0.01
el?l ~0.03-001 0.06 mfa.m 039 041 —021-001-001
eldl 0.01 025 -0.00 011 0.03 ~0.06
gl 0,04 —0.15 0.03 o0z oo 001 oo
&lsl 7022 002 ~003 011 00 007 ~003-0.02 001 001001
lél o1 023 [O8| 0050 032 044 031 001 001 002 ~003-0.03 062 0.01 001
el 009 0408 ~0.04-002 —n:?.—ns -00z  -001 002 ~002-0.02 0.01 001 001 ~0.01-0.01 0.01
- oo coemoomanwn  n [ emamon soen oo o o o om s om P P ) B P e P o
gl 001 -002 0.03 u.mﬁn.li 002 006 007 002 025 ~009-0.08 001 —017-0.14-0.05-0.14-0.08 008005005004 0.02-0.01-0.01-001 008 —001-0.01 003 001
1ol 006002 0o mn-um 002 018015 062 002 001 001 0o 022 -021-021 0.14 003 004 083004 002001
eltl ~0.01 0.05 ~0.1-002 009 026 03 001 001 ~001 ~0.01 0.03 —w--uv—vus-w 0.02 002 001 0.01
el 001 001 028 008 001 0.02 003 001003 002 .m 017 042 025 025 0.4 015 017 007 005 0.03 002 —0.01 —0.1 004 004 ~003 0.02 0.02 —0.01-0.01 003 0.01 —0.01
eltdl —001 ~0.01 —0.01-0.01-0.01-0.03-0.02-0.01 0.01 ~0.04-0.12 0,04 0.01 002 0.02 .02 -0.01 002001 ~0.01—-0.01 -0.01 -0.01 ~0.09 001 001 4.02-4.51437 037 -012-0.13
eldl 001 ~0.04 012 ~0.01-0.05-0.05-0.01-001 01 022 Efu.u 002 -004-004-003 002 002 002 oo 014002002 —002-0.02-0.05-005 023 0.1 001
el1sl ~002 0.13 005 ~001-002 . —01 ~007-002-002  —~001-0.01 0.01 001 0.03 ~001 001
6l moss ooz oor oot oot 0g7 mﬂ—vm 005 0ot uoom oo 01 002008 002 002 062 003 004 001 003 004
elifl 0.03 021 00z 0.01 —052 005 0.09 —0.01-006 0.04 002 001 —0.01 0. 4‘1slfn.lzfnmfumfumfomfms7n.mfn.m7um ~0.03-0.03-0.02-002 0.06 0.06 —0.01-0.01-0.03 0.41 —0.02
eliel -a.ws. 001 002 003 -DO1-016  -011-021 003 0.03 ~0.09-0.03-002 0.01 ~0.13 001 018 —001-002  —0.01-003 ~om ~0.4 ~0.14-0.16 0.05 ~0.09-0.08 0.03 0.02 0.18 007
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CeH2z
CeH 33
)
Cip
Cot
N
agF
&2
agF
EY
9gF
1) 002~
dﬂn.zw (Y 025 ~0.47-0.02-0.01
2]
e‘nw.a ~0.02
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Higgs combination (STXS, do/dX) EFT interpretation

* Results STXS (here linear)

ATLAS

Results do/dp!!, H>yy, H>4l
Linear only; other eigenvectors

V5 =13TeV, 139 fb~', my = 125.09 GeV SMEFT A = 1 TeV

Contribution ' WHo o ATLAS . %%s; Fi(t: )

o s . 0.8 [ H=Z ot — o

to sensitivity B ww - i VE=18TeV. 139t~ _ pifterential H — vy + H — 41

of ¢ 58 Hos 225 4 SMEFT A =1 TeV ——STXSH—yy+H— 4l

i £° o4 OH - bb ,

2 BHo e 3-parameter fit (Observed)

E | [TH= jan L

5 1000 x evl' .

8 Hggr

g o 08 W vsF

<8 OwnH . .

w _Cg’ 06 Oz ev[2] ——

o 04 0t

* 02 H

| Binclusive eV[3] _ - . i—'i .

uncertaint _ 10' mmm Linear (obs.) : 0.32 %- —6 -4 -2 0 2 4 6

e Hnear (exp.) : = Parameter Value

£ 10 : s

g : Ry

g | 2

5 107} : : 3.2 f:s

3 . ; ]

| . [ obs

g 1072} : 1108

£ : o

& _

103 | : 32 eXp

~ | mmm Linear (obs.) i : = |

:E. 41 Linear (exp.) . Pswm = 94.5%

3z | ' P '

g g 2 o L

S :'5’ jj T J + J 4* J : l : i . g:s; I;ilL

= - - | —68%

pull 53 0'4+_' 4** { _*}ﬁ ‘* }4 A T_ e 95 % CL

@ N + ! : : :

EE ! ' . : . . .

g @ -2 : :

g€ | _ Increased sensitivity from STXS

> :

i - ' (production modes, many variables,
Soong o Bacer WY PPy YRR & ¥

LA S, although lower granularity than p)
35



Higgs combination (STXS, do/dX) EFT interpretation

UV-complete BSM

e 2HDM
Add VH x H>WW", VH, ttH x H>multileptons

from k (no inv., und. Higgs), from EFT

Example Type I from «
Good agreement in regions w/ dim-8 negligeable

« MSSM, 8 benchmarks
Example : m,'#

ATLAS [ Obs. 95% CL (h coupling)
contrib Higgs === Exp. 95% CL (h coupling)
ATLAS 1 Kk Obs. 95% CL ( 188 » E=SI Obs. 95% CL (H/A - 1)
VS =13 TeV, 36.1 - 139 fb~? ——- KkExp.95% cL selfjcoupling) Vs =13TeV, 36.1-139 b ——- Exp. 95% CL (H/A~TT)
i 125 - B Obs. 95% CL (H* - tb)
mp =125.09 GeV CI « Obs. 95% CL ('II"IC. Ka) Mp™ scenario ——- Exp. 95% CL (H* > tb)
——- Kk Exp. 95% CL (inc. k) Q. 60 | R TR
1 2HDM TyPE"I, My =1TeV -—- SM-like coupling -.% \\ /:.
2 10 / il | | 4 50
] r .
S |
1 ’I
5 40 \
i
1
'I
30F
10° 20
10k b - ]
= |mp — 125.09] > 3 GeV |
1 1 1 1 1 1
250 500 750 1000 1250 1500 1750 2000
my [GeV]
1071 36

~03  -02



H % Zy PRL 132 (2024) 021803

e Rare (HR=1.5x10"), loop diagrams: sensitive to BSM

Z=>11 [e or p], m;>50 GeV: clean signature, good mass resolution

v: 1dentified/isolated

my,: improve resolution: FSR correction momentum p+ kinematic fit my,

Categories=f(kinematic features, process, BDT)
Dominant bkg : Drell-Yan+jets

* Experimental systematics: uncorrelated
(some could be correlated but << uncorrelated ones)

14 —— ATLAS
; 340

IS
(=] [=]
1 I LI

ATLAS: obs: 2.2 (exp: 1.2)
CMS: obs: 2.6 (exp: 1.1)

. . > :‘ I LI L I L L I T LI I T 1 LI I 1 1 T T 1 1 U T I |: 20_ """""""""""""""" 2|
» First evidence for H>Zy 8| Arasandcus i £ ' ATLAS and CMS 5
@ | LHCRun2 ¢ Data E ! . LHC Run2 —— ATLAS + CMS -
Z :3.4 (Z :1 .6) g.\ 5 E  In(1+5/B) weighted —— Signal + background 1 e — CcMs 3
obs exXp 5 --- Background ] -

o

=

o

2

w
o
TTTT[TT1

Mobs:2 .O+1 .0_0'9
ueP=1.0 £ 0.9



H%yy —I— C CERN-EP-2024-175

‘ v : n : * Significance
>~MM/ +...+ }—o\ - Zg=LT
: .  Zy,=1.0

! o Ylglkawa Hccc :
 Selection (1% only of whole process) i e 059% CL upper limit
Photons: high p., identified/isolated obs: 10.4 pb
m,, € [105; 160] GeV exp: 8.6 pb
Signal Regions (m,, € [120 ; 130] GeV) exp c-tag: 9.6 pb

c-tag SR: >1 c-jet (DLI1r : prob b, c, 1)

non-ctag: 14 pb
non c-tag SR: due to low eff c-tag

* Background . * Measurement ¢

YYy+], resonant H productlon (') (Gaussian Process Regression) i obs: 5.2+3.0 pb

modelisation cont.: GPR”, extrapol. data from sideband exp: 2.9 = 2.8 pb

. §4B50;111|p¢ dhkehhoodﬁt Ty ' (dominated by stat uncertainty)

250F-

F ATLA
200F Vs=13 TeV, 140 1b™"
150; c-tag signal region
100F
501

First search of this production

G:J bsonannd ot el

-

T | i
R ARTRARMARAARRAARS ; 38
120 121 122 123 124 125 126 127 12:1”1[2(28\1;0

-

Data/Sig+Bkg



Rare decay H%D y PLB 855 (2024) 138762

0.0 0 0. 70 ;300
H—>D"(D% DY%)y, D': cii (and conjugate) Unb1nned 11kel1h00d ﬁt m s g o ]
DoeK Tc > E T T T L T
. . . & 200 (o /Do)y Analysis ATLAS
Rare: SM: loop contributions, BR=7x10-%’ 2 qgof PostF Rata TeV, 1263 1
. . . : | g 160 = ok round Fit +
Probe flavour-violating coupling: BSM — i = Bacigrowd i+

[ B(H—D*y)=1.0x10"

120 [1B(Z—D%)=4.0x10°

 Selection: 100

meson+y back-to-back: loose cut A¢(D?, y)>mn/2 80

|IIIIIIIITTI|IIIIIIIIIIT|IIIII

|III|III|III|III|HIlIIIIIIIlII\lIIIl

! 60
soft % and y not reconstructed (no loss efficiency) a0
v: identified, isolated 2
DO: charged hadrons: ID tracks OS i ' 15| SUE TPUVORIRAIC LI YR ) *L

eI
il
00 750 200 '250' — 300
My, [GeV]

0.5

Data / Fit

displaced vertex: L, /oy ,,>3 (suppr. prompt vertices)
radius <15 mm (in beam pipe: suppr. multijets &
interactions in detector material) .
isolated (Zp ID tracks not from PV)<10% p meson |
m ,, € [1800 ; 1930] MeV, p#>39 GeV ’

* 95% UL on BR(H>D"y)
obs: 1.0x10-3
exp: 1.2%0°,,x 1073

* Background: multijets, y+jets

i ' - First limit set on thi
non-parametric data-driven, very finely binned template irst limit set on this decay
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VBF WH, H%bb, A 7 RLmceni

2
mW _1

mzcos26

Gauge symmetry electroweak model broken by Higgs doublet, p =

Experimentally valid at 1% level.

Still valid after radiative corrections: custodial symmetry to protect it

Test Ay, =Ky /K, any deviation from 1< violation custodial symmetry

(isospin multiplet>doublet, eg some Georgi-Machacek)

VBF WH(bb) allow probes non quadratic terms. Destructive in SM, constructive if A, <0

q . q

2 b-jets, 2 jets , charged lepton, MET

2 analyses. binned likelihood fit: Poisson counting

Positive Ay, analysis: 95% CL limit on p: obs: 9.0, exp: 8.7
Negative Ay, analysis: «,,<0 excluded. k,<0 excluded w/ Z>5

40
de Lima, Stolarski, : still allowed 1f >1 charged Higgs w/ mass<370 GeV



Cross-sections combination CERN-EP-2023-114

H>yy+H>ZZ >4

L , (note ‘today’, 183 fb! available)
F1duc1a1 cross-sections

0ty =76 £ 11 (stat) * (sys ) 0ty = 2.80 £ 0.70 (stat) 0.21 (sys.)

>16000"ATLAS'I""I "'|+Data -_E E2O|Al1|-L\AIéI|I|:||:|;|[;.a'ia|||||||
E 2 14000 (5 13.6Tev, 314 b —Totalpdf o 18 H—ZZ" >4 — e
Z 12000 H-3 — Signal pdf 3 ? Vs=136TeV,29.0 b XX, VWV
CI>) - --- Bkg. pdf - c 16 I Z+jets, t
w 10000 = = G>> %% Uncertainty
8000 = w14
6000 = 12
4000~ _ = 10
2000 b 8
g'.’ 400 T T + L T T + 6
" 4
v 2001
g .0 2
Q -200 ’
-400 0
Source Uncertainty o] Source Uncertainty [%]
Statistical uncertainty 14.0 Statistical uncertainty 251
Systematic uncerta.mt}{ . ) 10.3 Systematic uncertainty 7.9
Background modelling (spurious signal) 6.0 Electron uncertainties 6.3
Photon trigger and selection eﬁiciency 5.8 Muon uncertainties 3: ]
Photon energy scale & resolution 5.5 ..
Luminosi Luminosity 2.2
uminosity 22 . .
Pile-up modelling 1.2 zZ" theoretlcal uncertalnt.les . 0.7
Higgs boson mass 0.1 Reducible background estimation 0.6 41
Theoretical (signal) modelling <0.1 Other uncertainties <1.0

Total 17.4 Total 26.4




Cross-sections combination

_'6‘100_"1""[""l""l""l""]""l‘ .
S 90 = ATLAS — SM o (pp—H, m,, = 125.09 GeV) 3
? - Y H—oyy A H-ZZ*—41 QCD scale uncertainty .
D% 80;— ¢ Combined H—>yy + H—4l mm Total uncertainty (scale ® PDF+a) —
70F
601
50F
40F
30F | 1
C Vs=7TeV, 451 .
20E - Vs =8TeV, 20.31t' =
10E Vs =13 TeV, 139 fo' &
5 Vs = 13.6 TeV, 29.0-31.4 ft' :
0 iz | | |

e T )
Vs [TeV]
Excellent agreement w/ energy dependence

Dominated by stat. Uncertainty
(note ‘today’, 183 fb-! available)
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HH: dominant prod. modes

* Non-resonant (in the HH) . * Resonant

F g H g 9999090009290 }—— ———————— H i
gg i
__:r.f__.:\\ (( - )) A i

K, !

g H 9 00000 ————@ - - - - - - H

VBF ’ P "

uniqque v;ay to probé VVHH
Hevts [A Hevts [J\ Hevts [A
| myy, | my;, | My =My
* Resonant J=0 (scalar), h(MSSM, tan 3=2 CP-even Higgs: X X (S, G)>HH

J=2, RS KK graviton G, parameters: k: curvature WED, X (S, G)=>S’S
My, effective 4D Planck scale X (S, G)>G’GH



Non-resonant HH Combination ,  rsess

e Channels

-bbbb  resolved, boosted

-bbtrt 1 Thad<:>J_ bblHMET] Improved classifications

-bbyy

-multilepton: select bbZZ", VV*VV™, VV™11, tt171, yyVV*, 7y11
-bblI+MET: bb + (ZZ*, WW*, t1)~>11

Overlap data & MC:
<1% in SR<negligible

* Final DV: myy, m,, MVA=f(channel)

* Systematics & correlation scheme
Highest systematic: modelling radiation HF jets ggF: 25% on pyy

-Data-taking: correlated (apart resolved bbbb, different calibration version)

-physics objects: correlated

-theory: correlated

-systematics highly constrained or pulled: uncorrelated (but impact choice negligible)
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Non-resonant HH Combination

* Channels (overlap data & MC: <1% in SR<negligible) f(x,) of 1-H neglected
bbbb (resolved, boosted), bbTT (1 rhad—L bbll+MET), bb'Y’Y, mUItileptOIl (beZ*, VV*VV*, VV'1r, 11171, 7y VV*, yyrr)
, bblI+MET (bb + (zz*, ww*, 11)>11)

* Final DV: myy, m,, MVA

e Limiton HH

ATLAS —s— QObserved |.i|'T'I-il (95% CL) 8 —— < 87 LA L N L NN N L L L BN L B BRI NN
Expected limit (95% CL) < °t ) : . i —— Combined —— bbyy
VS =13 TeV, 126—140 fo-' “* (s =0 hypothesis) c [ ATLAS —— Combined —— bt_vy)f ] =l ATLAS Mutlepton BEbE -
imi L — Multilept — bbbb ] - Pl — =
oM elHH) =3280 T Expoctadimiia A TEVS=18TeV, 126—140 16 Lo e — ppere] ) EVS=13TeV. 126140007 L e e ]
[ Expected limit +20 " HH combination T ] - HH combination ]
Obs. Exp‘ 6 — All other k fixed to SM —— Obs.: 95% CL[-1.2,7.2] ] 6 — All other k fixed to SM —— Obs.: 95% CL[0.6,1.5] ]
g - ——-- Exp. (SM): 95% CL[-1.6,7.2] - === Exp. (SM): 95% CL[0.4,1.6] ]
bbil + Efiss|— | 1 10 14 C E =
=
Multilepton— i | 17 11 95% C_L,',_ _:
bBbb- + ' 53 8.1 /o
bbyy[~ | ; 4.0 5.0 /7
i .
bbtte - ; i 5.9 Y S N 0 U /A AU DR: RN S UL N W WY A7 S 58% CL
Combined 29 2.4 e :,,__E
| i SRR AR W e PR I AT fes MV G W |
0 5§ 10 15 20 2 30 35 40 5 2 2.5
95% CL upper limit on HH signal strength Ly Koy
bbtt most sensitive bbyy most sensitive bbbb most sensitive:
. o/ : 0 0 (boosted & deficit data)
expected: 17% improvement K, 95 % CL Koy 95 % CL

13%: bbtr, bbyy, bbbb obs: ]-1.2;7.2[ obs : ]0.6 ; 1.5]
4%: add multilepton, bbll+MET exp: |-1.6 ; 7.2 exp:]0.4;1.6]
Best expected sensitivy to date on pyy & K,
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Non-resonant HH Combination

HEFT constraints
using 3 most sensitive channels: bbtt, bbyy, bbbb

(VBF boosted ignored: only sensitive to ¢,
prediction not available for this process)

* 95% CL intervals

obs: -0.38<¢,,,<0.49 (exp: -0.36<C,,;,<0.36)
-0.19<c4,;,<0.70  (exp: -0.27<c,;,<0.66)

Most stringent constraints to date
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ATLAS, Run 2, Vs=13 TeV,
L=140 fb,

e Target
bb+WW?*/ZZ*/tt>bbHI+v

e Selection
=2 b-jet
=2 OS leptons (e or )

No requirement on MET (ensure high stat for MVA)

Veto event bad jet (suppr. misid jets)
SR and CR: f(m,)

same flavour #flavour
Moo A ee + uu Moo A ey + pe

210 GeV 4 Lleil t¢ CR 210 GeV 4 tf CR
my < 250 GeV my < 250 GeV
SR 1 sR | T

1 Wt CR 1 Wt CR
40 GeV S lon mp > 250 GeV 40 GeV my > 250 GeV

: > >
15 GeV 75 GeV 110 GeV m 15 GeV 110 GeV m

gray: negligible

Categories ggF/VBF
Final discriminant: MVA
Train BDT VBF on k,=0

Oct. 2023

— .
ATLAS
Vs=13TeV, 140 fb’
| HH - 2b+2ET*
Ggg - HH
L] (o]
Ooa - HiH
8] s HHi
N g9F SR & VBF SR
Cag - HHj
Cpp - HH
L] (o]
O H
l:"'.nr_l + HH
T [ ] (o]
0?;“ HH
1 ]

T t T T T T T T TT |
e Observed +1o

o Expected +20

Obs. (Exp.) |

ggF SR & VBF SR 10.5 (17.0)
.0 118 (130)
ggF SR only 10.7 (16.6)

goF SR&VBFSR 9.7 (16.2)

el 1 Il TST L T A B & |

* ¥,95%CL
obs : [-6.2 ; 13.3]
exp: [-8.1; 15.5]

10° 10°
95% CL upper limit

Kyy 95 % CL
obs : [-0.17 ; 2.4]
exp: [-0.51 ; 2.7]

Significant improvement
wrt previous publication
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ATLAS, Run 2, Vs=13 TeV, L=140 fb-!,

Non resonant VBF HH(bbbb) boosted

* Selection
S (1 50% sensitivy wrt old track-jet b-tagging)

-2 b-tagging: DNN [but not GNN]
WP: 60% eff (rej multijets: 92, rej tt: 31)
-VBEF jets: 2 small-R jets, [An(], j)[>3, m;>1 TeV

L e e B Y L A S S B S S S B S B S —

. . . . . . ;‘ : . . n :g
Signal Region, Validation Region (syst.), Control Region § e ATLASSmuston | s T Mos
T - K2v=1 SM) 2P — CIC)
(mH1 — 124 GeV>2 N (mHZ — 117 GeV>2 . S [l . El -
f(my,) f(my,) F ‘ 15
T T 150 :—' — E ‘
o 3 ] 1.0
Detector effects, E lost v from b-hadrons, out-of-cone radiation 100 5 = 05
SR to max. Z for K,,=0 (proxy BSM)<>maximise sensitivity i, %2

Remove events passing resolved (suppr. overlap)

Efficiency: non-resonant: 1% (BSM)=20.02% (SM), resonant: 5-10%=f(my, ['y)

* Background
Primary: multijets (10% tt), data-driven : CR 1 b-J
Negligible: 1-H, dibosons

* Final Discriminant variables: BDT (XGBoost)
Training: non-resonant: ¥,,=0 VBF HH (proxy BSM), 48
resonant: mass-parametrised BDT (pBDT)



Non resonant VBF HH(bbbb) boosted

Events

Data / Bkg.

(+contour (k,, K,v): ggHH considered signal)

ggHH considered bkg for probing «,,

R R RS R EE s s e e
r ATLAS ¢ Data

— 500 x SMggF

14 Vs =13 TeV, 140 fb™
- VBF HH bbbb — 1000 x SM VBF -
121~ SR — Ky =0VBF
| Post-Fit Background
10— 77 Uncertainty _
81— Af/ —
7 | . .
s 1 deficit data in most
! il ] signal-like bin
i é////f//, j;
Oj 1111 ! Ll ! L1l I Ll ! I I L1
156 E
G "é"/‘“‘f/-/ff%7-/»’1&%;%4@7—;;—%-%%
0.55 E

0

0.1 02 03 0.I4 05 06 07 08 09 1
BDT Score

* K,y Interval at 95% CL (x,=1)

obs: [0.52 ; 1.52]

exp: [0.32; 1.71]

K,y=0 excluded w/ Z _, =3.4
Zexy=2.9

Combine w/ resolved

obs: [0.55 ; 1.49]

exp: [0.37; 1.67]

-obs stronger than exp

-allowed range /2 wrt previous

ATLAS publication

K,y=0 excluded w/ Z_, =3.8
Zexp=3.3

* expected contribution boosted for «, : marginal wrt resolved
 Complementary analyses for sensitivity:
K, (driven resolved) & ., (driven boosted)

[ggHH considered signal for probing «, |
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ATLAS, Run 2, Vs=13 TeV,

VBF HH(bbbb) booste L1401,

* Resonant, X, spin 0
Mass-parametrised BDT (pBDT)

, NWA ,broad width
E 10 =R EEEEEE AR EE R R AR R R -4 E 10 ; """"""""""""""""""""""""" E
= - ATLAS —— Observed limit ] = - ATLAS —— Observed limit .
T - Vs=13TeV, 140 fb™" --~- Expected limit § T o[ Vs=13TeV, 140 o™ -=-~ Expected limit N
I | VBF HH bbbb W Expected limit +10 | 5 10 =~ VBF HH bbbb [ Expected limit +10 "3
1 Narrow width Expected limit +20 T - Composite Higgs model (Mx=0.2myx) Expected limit £20
5_, Il 5 2’5 B —— Theory prediction |
T L 10 —
S o' = g E =
&) 3 3 ) —
> ) I e e
E E | .
- — 107 | =
O o = ! =
2 100 A~ | 1
3 F | - & 107°E i =
1000 1500 2000 2500 3000 3500 4000 4500 5000 101560 ~ 7300 1400 1500 1600 1700 1800 1900 2000
b my [GeV] - mx[GeV]
| . . L | )
. Loss efficiency in 2 b-tagging in v |
. highly boosted regime i 50
\ (

Y ' No data 1n signal-like bin BDT Y '




Non-resonant HH (bbtt)

* 3 SR TyuqThads TiepThaa (€5 1): Single-Lepton Trigger or Lepton-plus-T, ; Trigger April 2024
(TiepTiep: different analysis)
Id(t,,4): Recurrent Neural Network
2 b-jets (DL1r1, 77% WP), m™,,,>60 GeV, + selection for each SR
Acceptance: 4%
split in 3 categories (w/ category BDT): SR: low (BSM)/high mass (SM),VBF
+CR

110 (2024) 032012

channel: Thaa Thad bb | avent | channel: ££bb SLT + DLT

S e Binned likelihood fit: BDT

STT: single Thad.vs triggers
DTT: di-Thod-s triggers
SLT: single lepton triggers
LTT: leptons Thad-s triggers
DLT: di-lepton triggers

F T I I I T I I I —Igg||=HH|x1dOD I

105 ATLAS — VBF HH x 1000

Vs =13 TeV, 140 f5" ¢ Data
o[ Tradtae 2b-tagS = ?:p(::zri)
10" ggF SR, m,_ <350 GeV o Jet - 1,,, fakes
= Z + (bb,bc,cc)
i o Jet - 1., fakes (t)
[ Other

...........................

Events / bin
I.I.II !Illlll.l] 11

LI

Single Higgs
Uncertainty
=« Pre-fit backgroun

IIlJlI.Lrllilll.l.l.I i

Thad Thad SR Tiep Thad SLT SR Tiep Thaa LTT SFi -
* Background: data-driven, simulation, combination

Data/Pred.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
BDT score bin



Non-resonant HH (bbtt)

*  95% limits on pyy (driven by t,,4T1,4): ¢ K5 95% CI: * Kyy 95% CI:
obs: 5.9xSM obs: ]-3.1;9.0[ obs: ]-0.5; 2.7[
exp: 3.3xSM exp: ]-2.5;9.3] exp: ]-0.2 ; 2.4]
Asymptotic agree within 7% w/ toys (improved” by 11%) (improved” by 19%)

(improved” by 15%)
(“Improved classification + VBF HH category)

EFT interpretation
 HEFT i * SMEFT: ¢y, ¢y
7 my, benchmark scenarios direct limits:
(from [hep-ph])
Coohh> Cithh
=104 ; . - - - - ]
% 10 § C’ILA% e g Observed limit (95% CL) ]
S | s s = E:mz ::2; {;5:" el Wilson coefficient  Observed 95% CI  Expected 95% CI
LU Caghh [—0.51, 0.58] [—0.42, 0.44]
1035‘ — : Ctthh [—0.40, 0.84] [—0.32,0.72]
E : = : cH [19.4, 10.0] [19.1, 8.6]
P ﬁ CHO [-12.6, 11.6] [8.5, 11.1]
Ceil aoa
21 d
L1 TL j
| t - - C 0 133
sSM 1 2 H (p7¢)

HEFT shape benchmark 52

ST 0 (¢T¢)o(s9)



HH multileptons ueroces e

* Final state w/ multi leptons & 1,4 : - _—
Subchannels: #objects ‘ i
Selection - other analyses §
Dominant bkg: dibosons

0

0 1 2 3 4
° COntrlbutl()nS Number of light leptons
ATLAS Simulation Vs =13 TeV, 140 fb! ATLAS Simulation Vs =13 TeV, 140 o

~
=]

-t
o

@
=]

el
o

n
=]

-
v

Number of SM HH events passing preselection
P

——— . p—
- — 20SC+T
- ———— .

o
o

e — e

Number of SM HH events passing preselection requirements

o
=]

HH decay mode Analysis channel HH decay mode Analysis channel

Final DV: yy+ML: m_, others: BDT
Signal: ggF HH, VBF HH
Background: normalisation w/ CR
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* Limit at 95% CL

obs: 17xSM
exp: 11xSM

HH multileptons

* K, 95 %CL * Koy 95 % CL

obs : ]-2.5;4.6]
exp: |-1.9 ;4.1

obs:]-6.2;11.6]
exp: [-4.5;9.6]

ATLAS e Observed =3 1o ) P M RAAEE AL M <« T T T
o Expected (upy=0) T *20 & o ATLAS S eracs T ﬁ? 10L ATLAS 4
Vs=13TeV, 14007 ... Expected (Upy =1) [ VE=13ToV, 140" — Obseved | | Vs-13Tev, 1401  Observed |
L HH-MLyy+ML ] L HH-MLyy+ML 1
Ogor . ver(HH) = 32.8 fb Exp. 8~  Expected " Observed - 8- Expected " Observed .
Obs. (IJHH=0) s 68% CL:w, & [-2.4,7.4] 68% CL:x, & [-4.3,0.6] U [4.4,9.8] 1 - 68% CL: Koy € [-0.9,3.1] 68% CL:kay € [-1.6,3.7] .
a1+ bb — 29 5 s 95% GL:k, € [-4.5,9.6] 95% GL:x, & [-6.2,11.6] I - 95% Cl:kev € [-1.9,4.1] 95% Clikay € [-2.5,4.6]
3¢ 19 29 oL : i o B
215C 32 42 [ H ] I
4= o, B . S 95% L=
2ISCHThag 79 63 3 -'.. :-' :
20+ 2Thag 41 37 A 13
L+ 2Thaqg 46 46 i
vy + 2(L, Thad) 53 4 i s 1 ol T ;
L R : -4
yy+!1 51 29 Ky Koy
Y o . M2 60 Double minimum structure: degeneracy
Combined ML 14 14 .
Combinedyy+MLF @ s o competing c=1(x, ), eff=1(x;,)
Combined : 1 1 1 1 | 1 1 l I 1 1? I | ;11 1
0 50 100 150 200

95% CL upper limit on HH signal strength Ly

Asymptotic results within 8% w/ toys
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Non-resonant HH Combination

e [Limiton HH

ATLAS —e— Observed I_im_it (95:% CL)
... Expected limit (95% CL) f fl H 1 d
VS =13 TeV, 126—140 fo-' (=0 hypothesis) K, ) Ol 1-I1 Neg ecte
SM [ Expected limit +1o
oSt ver (HH) =32.8 fb ks — 105 T S L
'9gF + VBF ET T T T T T T T 1 O — [ o
[ Expected limit +20 g S ATLAS Observed limit (95% CL) ] == 10*t ATLAS Observed I‘|m.|t (95°/o CL)_:
Obs. Exp. | &= [ — . Expected limit (95% CL) | = [ /513 TeV. 126—140 fb-" Expef‘tg% Ilrmg r595%: cL)
& I - Vs =13TeV, 126—140 fb" (41H =0 hypothesis) 13 - Vs = 9 3 (4HH =0 hypothesis)
bbit + EP'ss i~ | i 10 14 ‘IEE | HH combination [ Expected limit +10 - - HH combination = Expected limit 10
: Q 10% _ combined  —— bBrie [ Expected limit +20 4 2 oL — Combined —— bhTHT [ Expected |IIT.iIt.i20'
Multilepton— | | 17 11 G - Mulllepton —— bbyy E== Theory prediction © g —— Mulilepton —— bbyy ? Theory p.reldlctlon -§
" i i D% I bEﬂ+E{—"iss —— bbbb Y& SM prediction ] r— b5£f+E{"‘ss —— bbbb SM prediction
bbbb- | 5.3 8.1 - P il -
; H

2
bbyy[~ } 4.0 5.0 — > P 10 =

i . E

bbrtt 59 3.3 S s S s ~Ne T R = i 1

5 SN / i i
B, 102F RN/ . : iy

Combined|— 2.9 2.4 E \'\\"/ 3 10 _—.—.-.-.._—..!:.?.._—._?..e-.-..-_:.-"!-!"—!""' =

| P I (N LR U PR - S ] o e mmm e

0 5 0 15 20 25 30 35 40 - ] C -

expected: 17% improvement — 10F s g es e s 0 W e
13%: bbrr, bbyy, bbbb K, 95 % CL “ K0 95 % CL
4%: add multilepton, bbll+MET obs:]-1.2;7.2[ obs : ]0.6 ; 1.5]

exp: |-1.6 ;7.2 exp:]0.4;1.6]

..._.....
1

Best expected sensitivy to date on pyy & K, bbbb most sensitive
(thx boosted)

+deficit data
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Non-resonant HH Combination

HEFT constraints
Uses 3 most sensitive channels: bbtt, bbyy, bbbb
VBF HH i1gnored (only sensitive to c,;;,), prediction not available for this process

* 95% CL intervals

obs: -0.38<¢,,<0.49 (exp: -0.36<C,,;,<0.36)
-0.19<c4,;,<0.70  (exp: -0.27<c,;;<0.66)

Most stringent constraints to date

< 8_ T T I T T 1 T I T T T T I T T T T I T _\ i < 8_ I T 1 T T I T T T T I T T T T I T T T T I T T T T ] T W_I T I ]
c [ ATLAS —— Combined —— btfv‘f ] c [ ATLAS —— Combined —— bl_W\f

a 7; B — Multilepton =—— bbbb _] o 7; _ — Multilepton —— bl?bb 7

| N Vs=13 TeV, 126—140fb 1 — bEU+E{-"i55 — bbbttt ] | N Vs =13 TeV, 126—140 fb ! — bEﬂ+E{-"i55 — pbTtT ]

- HH combination ] - HH combination .

6 All other k fixed to SM —— Obs.: 95% CL[-1.2,7.2] 6 All other k fixed to SM —— Obs.: 95% CL [0.6,1.5] ]

-—- Exp. (SM): 95% CL[-1.6,7.2] C === Exp. (SM): 95% CL [0.4, 1.6]

R N S . A4S

IIIIII'!IIIIIIIIIII

=
x
N
<
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bbge + Efiss
Multilepton
bbbb

bbyy
bbttt-

Combined

—e— Observed limit (95% CL)

Expected limit (95% CL)
(UHH =0 hypothesis)

[ Expected limit +10
[ Expected limit +20

ATLAS
Vs =13 TeV, 126—140 fb-'
Ogot + ver(HH) =32.8 fo

_________________________ Obs. Exp.
10 14
17 i
53 8.1
4.0 5.0
5.9 3.3
29 24

IilII]IJIllllllllllll]lllll1I[l|llll

95% CL upper limit on HH signal strength Ly

bb Z2Z
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: 8.4

bb 1t
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

CMS 138 fo' (13 TeV)
LI | T T T T | T T T T LI I
K =k=1 —e— Observed = ----- Median expected
Ry gy = 1 BB 68% expected
----- 95% expected
Ll L L I} L L 11 i '
1 100

95% CL limit on o(pp — HH) / -
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L H S P o o h: H, X, S
" T T Db
-- H
Ky A e L B l ’ . g }
)
| ‘ Y

non-resonant Resonant:
e Scenarios: cascade X—=>SH
-SM non resonant
-Resonant, H+2 real scalar: X (325<m<575 GeV), S (200<mS<350 GeV)

m, >mg Two Real Scalar Model (TRSM)

-Heavy Resonant: heavy spin-0 X, S, 550<my<1500 GeV, 275<m¢<1000 GeV
my>mg, narrow or wide

Categories: SR: 6b, CR: 4b, 5b

58



HHH bb bb bb ATLAS, Run 2, Vs=13 TeV, L=126 fo,

* Pairing: over all pairs, minimize |my;-120 GeV|+my,-115 GeV|+my;-110 GeV|
values: detector effects, energy lost from neutrinos, out-of-cone radiation
efficiency: SM: 61%, BSM: 74-84%

Bkg: dominated by QCD multijets: data-driven: extrapolate from CR

Profile likelihood, DNN

* Non-resonant * Resonant * Heavy Resonant, NWA
Limait uHHH—750xSM
400 | T — I 3 = 350 S 10?2
E ATLAS E xp. 58/ CL E
3005 (5= 13Tev, 126 fo" —cEJf:p Gl o) g o &
--------- ..Obs. 95% CL 300 & = 2
2000 HHH 60 o= S, Doty g Q £ o
By >, ] —
‘005— E 250 % g
o - P ‘2"
: E 200 & &
~100F- . c 2
F ] 3 S
200k 4 . 2 ®
Nl E 1 B0 g | -
_400§— F 3 ATLAS T Moo 3 ATLAS N & E
N . W Vs =13TeV, 126 b = Vs =13 TeV, 126 fo" | Q
~500 = nonresDNN resDNN THSM BenchmarkS 1 50 & F’—Ea\{—z Roezlzr;ance G
Eooe e A N bl Ty =g = - =
e e [ T 525 BB0 275 800 325 350 o B
Ky me [GeV] 400 600 800 . [Gel/?oo
S
For k,=1, -11<x, <17 (+wide)

at 95% CL 59



ATLAS Combination HH resonant

* Narrow width (10 MeV) gg=>X, J=0 resonance Systematics: data-taking: correlated
-negligible wrt experimental resolution Reco: correlated where appropriate
-neglect interference non-resonant hh (I'y; low)

PRL 132
(2024) 231801

- -

o) SN ' ot R o I

b-tagging: DL, eff: 77%, rej j: 170, rej c: 5 ET“ 10 f:giev,%_m . e Observed lmit @5% CL)
X B Spin-0 ---- Expected I!mit (95% CL) ]

-bbbb: resolved (R=0.4), BDT to pair b-jets v — EZEEZIZS imit 226 3
boosted (R=1.0) oL _

myy: final DV, kin. rescaling my ;=125 : ;
Resolution: =5-6% foe -

. 1 . 10"
-bbtr: nggS decays’ ThadVhad> Tleprhadﬂ F —— bbTtT"

Final DV: mass-parameterised NN L bbyy

10° —e— Combined

mX reSOIution: 5-10% El 11 lI 1 I 1 1 1 1 l L1 1 lJI]lll 1 I
200 300 500 1000 2000 3000 5000

1l |Ill|l|

IIIIIJI

mx [GeV]
_bbyy: 2 BDT combined e | |
4 cOmPIIE best bbyy best bbtt  best bbbb

1 BDT signal vs ttyy ; 1 BDT signal vs 1-H
Final DV: m, (resolution 1%)
Resolution my;: =2-3% 60



ATLAS Combination HH resonant

Limit: interpretations
Neglect interference=approximation

2HDM Type I MSSM

+other planes +other benchmarks
% 70: IATLAS l | I ' Obs. combined % A:TLAS l I I I " Obs. comt')inedz
s Vs =13TeV, 126—139 fb~" Exp. combined g9 -1 — Exp.combined 1
= s=13TeV,126—139f~" ™ e b | VS =13TeV,126—139f0°1 Exp. b
80T H - hh, Type-1 2HDM, cos(B - &)=-0.1 Xp. bbT* T sl H-hh, M}25 e oo
| 95% CL upper limits - ymy s 5% o DP-bbbb | 95% CL upper limit . o
50 ——— Exp. bbyy : ° upper limits m Amp/mp>1% = == Exp. bbyy
[ 5 7t
40}
30} P
[ Y -
20} ,[ ¥
I
[ e
10} "“"'.-'f /-’
—; /. Sso eSS |
05351 200 800 1000 1200 17200 300 400 500 600 700 800

my [GeV] ma [GeV]
Constrain parameter space not previously excluded
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Review Run 2,

Events / 2 GeV

Events - Bkg

Run 1 (2011+2012) nggs dlscovery

3500: ATLAS + oua _E 2 [ Daa i Camas 13 9 arias ;‘ﬁa' ;"ih';;'ﬁs’m'?
soou;— e zfgﬁ':g ::;;T;?;::rj::) —; %25?7=:z:323:3 Z_els, . Hozz' sl g 120 \s=8Te.V,det=5.8 fo! égﬂe‘s éiﬁi‘?”: {
2500? é §20:— []Signal (m =125 GeV) _: g 100:_ H—)WW( )—>evpv/pvev+0/1 jets I H[125GeV] _:
2000 YT s sune 1z F + ]
1500~ 2 qslis=7TeV:Ldt=481b" ] 8o E
e T e o
;T N
_205100 110 120 130 140 150 160 o 100 150 200 250 00 S0 20
m,, [GeV] m, [GeV] my [GeV]
—> couplings to bosons
Followed by first measurements of properties
-Mass: my;=125.09 £ 0.24 GeV
used as mput for almost all measurements of Run 2
-Differential cross-sections ' 4
-Spin: boson: .=>2 bosons 30}
. 20
...=>2 photons: exclude spin 1 1o}
-CP alternatives excluded ‘ ol
-20
-30

o T T8
= rATLAs 2011 + 2012 Data E
8 jrj Ldt~46-48fb'1s=7TeV [Ldt~5859f"1s=8TeV
- E -- Expected Combined - -- Expected H — ZZ* — llll Expected H— bb i
!_ — Observed Combined = Observed H—2Z2Z* - ll — Observed H — bb _!
:r---ExpectedH—;w --- Expected H - WW* — Ivlv Expected H — tt E
:r—ObSEWEdHHW — Observed H— WW* — vlv Observed H — 1t ]:
r -
1 S _(36
e e G
:g—z;r-:::;::m --------------------------------- J20
103 [ AN 3o
100
10° “
10
1070
10% . -
1079;_. e —
=3 I BRI B S ST S RS S S R |
110 115 120 125 130 135 140 145 150
my [GeV]
ATLAS HoZZ* — 4]
—e— Observed s=7TeV, 45
------- Expected s=8TeV, 20.3 fb'
I 0°SM+1c
B 0'SM<26 H— WW* - evuy
0'SMt3c s=8TeV, 203 fb'
p
+
== jp:;G H— vy
_JP;S" s=7TeV, 451t
ToO0
s =8TeV, 20.3 fi'

JP=0 JP-0

J P

Kq=Kg

=2

JP=2t JP- JP=2t JP-2
Kq=0 Kg=0 Kg=2Ky Kq=2K,
pT<3OD GeV pr<125 GeV prc:!uﬂ GeV pT<125 GeV
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Review Run 2,

After Run 1 Higgs discovery, couplings to bosons, and first measurements properties
Vast program of measurements with Run 2

* Mass & width * Higgs width ',

T T T T T [ T T 1

AL D § Lamas | am (off-shell, on-shell): best sensitivity
T 1000 i3 Tev, 1a0mt e Background N 120 e — E
1400 3 H— yy —— Signal + Background % 100+ % % f,:,fj,:nw — . .

In(1+ So*/Bge?) weighted sum

7, 8,13, 13.6 TeV evolution

II‘ ItlllllJ\I‘llllllll\lllllllllil\
2]
(=]
I

1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
]
1
1
I~ 1
r 1
= I
- 7 1
8001 60[- * % q
C e B Zd 1 : : . H
600} : . f(kinematics), eg: etc.
: + ] , €81 Pr's Y,
400 = B ] : = — T T T T T T T T —]
g i 1| > 22E ArLas ]
200? : 8 2:_ " i i H— ZZ* _:
0 :I L I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 Il 1 ‘ 1 1 1 1 7 L4 : % E r 13T ;’ TS:ng + H = ‘YY E
0 i = 1.8 tEsidley ¢  Combination —
110 120 130 140 150 160 110 120 130 140 150 160 ! T - 16 = [_] Systematic Uncertainty ]
m,, [GGV] Gevl | 5 E Total Uncertainty =
m, [GeV] T 145 W MGS FxFx K=1.47, +XH — —
| T T T | T T I T T ‘ T T | T T : .D 1 2:_ P NNLOPS K=1_1’+Xf-i _:
ATLAS bedTotal  Stat. []Syst. | Combination ! “H . ' """" AR etibbiett o
Run1: 5=7-8TeV, 25 b, Run 2: /5 = 13 TeV, 140 fb~! \ LW =
Total Stat.  Syst. : 08: I R _:
Run1 H — F——®—— 126.02+0.51 (+ 0.43 + 0.27) GeV 1 0 6: | ; * g
1 .o (5 ot —_
Run1 i — 4f s 124.51 + 0.52 (+ 0.52 + 0.04) GeV : F I ﬁl B
Run2 i — 7 I-[FJ—| 125.17 + 0.14 (+ 0.11 + 0.09) GeV ! 0.4 H,* 0.d =
Run2 H — 47 [ L 124.99 | 0.2F ++ i3 3
: 99 +0.19 (+ 0.18 + 0.04) GeV ' - U E
! O Esssndzzans fisssas STARRANS jessess lssssss Jescses L s o5 PP e
Run 142 H — vy e 125.22 + 0.14 (+ 0.11 4 0.09) GeV ! - = ; = -
Run 142 H — 4/ et 124.94 + 0.18 (+ 0.17 £ 0.03) GeV ! g 15 ; ¢ I
] -~ . -}
Run 1 Combined 125.38 + 0.41 (+ 0.37 + 0.18) GeV P B i Eo S prissker s m
! |—r¢|—| +0.41 (+ 0.37 + 0.18) ! T ]
Run 2 Combined h%-l 125.10 + 0.11 (+ 0.09 + 0.07) GeV : _‘J:’
" - 0 10 20 30 45 60 80 120 200 300 650 13000
Run 1+2 Combined 125.11 + 0.11 ( 0.09 + 0.06) GeV ! pH [GeV]
Cl L A P R B | T
123 124 125 126 127
my [GeV] 63

Better than per mill precision



Production cross-section in various kinematic regions (STXS) & EFT interpretation

ATLAS Run?2

— 30 — T T
7= r o) B
a2 f 1 L 3
© 0k ] (o 1
of - : T
o i of - L ]
L | . | | 1 1 ] 1 ] |
00 10 200 0 60 120 200 120 200 i 10200 300 450 o
py [GeV] pt [GeV] p¥ [GeV] p¥ [GeV]
@ Data (Total uncertainty)
Syst. uncertainty
E== SM prediction
— 4 — 3 r T — T T T — r 1 ]
o | a o) i 1 a r n
& _ 2 OF = i = 100 B
o 2[——] o2k s} i 1 o ; 1
E 500 -"@~ 7] 50 _ _:
of 1 - 1E S N T T : :
s S [ ] 0 c
oL O 1 0 L ! 1 1 = [ |
VH-enriched VBF-enriched 350 700 1000 1500 o 350 1000 o
mj [GeV] mjj [GeV]
(P8, bv)H
1qq' > WH > Hév| pp > ZH > HP? @ @
108C T T T = E T f T — T T f T T 3 — 1000 -
-9 I =020 1 E00L 1 2 E .
— : E r ] LV
102 1 ° - o | o ]
._.I._. E 101 ; _I_ —: 100 :_ ] 500 — —
1L ®- - r b [ ]
h: * E 100 L . : '}:' ] 250 ~ L -
| 2] J1 o T = —
100 1 1 1 1 1 1 1 £ 1 1 1 1 1 1 0
0 75 150 250 400 co 0 150 250 400 o 0 60 120 200 300 450 (o)
p¥ [GeV] p? [GeV]

pf [GeV]

+EFT interpretation

(already shown)
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* Coupling to fermions
3nd generation

H->11,Z,,=5.5,
ttH, Z,5=6.3 (Zex,=5.1),
H->bb, Z,=5.4 (Z.,,=5.5),

2d generation
H->cc, VH, 95% CL limit: obs: 26xSM (exp: 31xSM),

H2pp, 23,720 (Z,=1.7)

* Rare loop-induced decays
H21ly, Z,=3.2, (Z.,,=2.1),
H->Zy, Zobs=2.2, (Zexy=1.2),

* More generally, establish most of phase space for
Prod x Decay channels

H - . .

/4



* Cross-sections & couplings from combination
u=1.05 £ 0.06 (syst. dominated)
Couplings to other particles: k-framework

| T | AR AARS
K'Z L
ol ATLAS Run 2 1
w
Kt i E__a___. Leptons Quarks I
B i X Vo V,u V. u c |
| = [ -
B Force carriers Higgs boson ™|
| e FEEn
i | st - :
K T—q —— BlnvA= Bu.=0
4 L -m- B, free,B,>0,x,<1
K ——— SM prediction
7 - Parameter value not allowed
“ar | et *'_| _________ »
0.8 1 1.2 1.4 1.6
68% CL interval
B ST T
inv. [T T T 1
Bo oy |
0 0.05 0.1 0.15 0.2
95% CL limit

IIIIJ T T IIIIIIJ
| ATLAS Run?2

i Ke = Ky

IIIIIII| T IIHIII| I Illlllll T TTTT

$

; K is a free parameter
SM prediction

Leptons

Quarks

- Ed

Force carriers

d

c

Higgs boson

_ L¢] » [ EAEA
:I IIJ Ill]‘llll lIIllIlJ 1 lIIIlIll 1
jllll‘ T LI III‘ T |IIIIII‘ T |IIIIII| T
| ] i
h_llll‘ 1 III\.7III‘ IIIIIII‘ 1 IIIIIII| 1
107" 1 10 10°

Particle mass [GeV]

Production cross-section in various kinematic regions (STXS)

+EFT interpretation



Review Run 1 & Run 2,

* CP properties: SM: JP¢=0++

ATLAS HoZZ* > 4]
—e— Observed s=7TeV, 4515
o a~ a4 ] e Expected s=8TeV, 20.3 '
Parity P: Run 1 -5 1o W e
_____________________________________________________________ [ ]10°SM+3¢ s=8TeV, 20.3 fo'
i W 1o H - 1y
gjpfgi s=7TeV, 451"
-Interactions w/ vector bosons o 5-8Tev, 20315

40r
30F

Introduce CP-odd operators in EFT ”: I‘ 'i

Warsaw basis: Wilson coefficients 10rrl— I-—L.—

HISZ basis: single parameter o O _ = _ =
! -20F !

ATLAS e st 30k _
{s=13TeV, 139 fb™ » Zzsewejfixjm' JFeg a0 WPez WPz JPez gP-2 Pe2
SMEFT CP-odd couplings —— Ohserved:Hw L_________________________j_aiofj_ijz_ﬁfr_p_jofcii_p_ lzie_v_ _______________________________________
—¥— Observed: Hyy + Htt
_BestFit  68%CL : LHFF = ——FKF(COS(I‘ l/;l,(/ + sin « lﬁz'}’jl//)H
G2 A 000  [0.37,037] . .
" e 02 04T 088] tranverse Spln Components OfT m H%TT
ISR 002 [‘056,053] . . .
Cpuiva : 000 1088,080) CP properties of Htt in ttH production
e 039,,,,,,[ 088,083]
—— o8 both exclude CP-odd at >3c
Gl - : & +0.60 1.50, 1.50 . .
i an v a0l Run 2 : no deviation from CP-even
d L T"’_ X100 o0t  [001,003]
-1 0 1 2 3 4
Parameter value 67
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[superseeding review version]

Higgs self-coupling
-HH: combination 95% CL limit: obs: 2.9, exp: 2.4
-Self-coupling constraint from 1-H

(example)

9 (OO0 — H
Y
N\

tA | B

~A

Obs. 95% CL Exp. 95% CL
-40<k; <103 -52<iky <115

Combination assumption

Single-H combination

Not competitive w/ direct search HH, but allow to relax assumptions on couplings

-Search of HHH already started
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c-jet rejection

| B

nggs self—coupling [superseeding review version] 9

NH
-HH: combination 95% CL limit: obs: 2.9, exp: 2.4 (example) Ay Jeo- ki
-Self-coupling constraint from 1-H ; +
— _ _ _ Not competitive w/ direct search HH, but
Combination assumption Obs. 95% CL Exp. 95% CL . .
Single- combination t0<m <105 s2<r<is allow to relax assumptions on couplings

-Search of HHH already started

So far, SM never been faulted in Higgs sector
* Prospects

Run 3: already more stat than Run 2: |L, #interaction per bunch crossing, o (higher energy)

70_'"l"'_'l":'|"'_'_f""|"" bR TR ™ _i ErrrrrrrrrJrrrr[rryr[rrr[rrrprrrrrrryrr
- ATLAS Simulation Preliminary +2500 : .
6ol VS =13 Tev b-tacoin GN2 | - ATLAS Preliminary
E ttjets, ep = 70% gg g Js666 jg HH— bbt*t” searches
50 ] S ® Eur. Phys. J. C 78 (2018) 1007
: ] 3 z A JHEP 07 (2023) 040
t [1h] — —]
40F Run 3 reco q1500F =T 107 : ¥ Phys. Rev. D 110 (2024) 032012 |
F GN1 ] 5 5 2 BN LTI Luminosity-based scaling
sop DL1d {1000 £ E
sk DL1r ] & = L
i DL1 :500 E |
10F ] §
i 1 < 4r A
ot o o 0 e N
2017 2018 2019 2020 2021 2022 2023 R — . A —
Year P I I

11 | 11 1 I 111 ‘ 1 1 L | 1 11 ‘ 11 L I 11 1 | 1 ]
40 60 80 100 120 140 160 180 200
Integrated Luminosity [fo™]

To follow future developments. Thank you for your attention

bbrtrt: illustrative proxy:
outperforming
expectation
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So far, SM never been faulted in Higgs sector

* Prospects

Run 3: -already more stat than Run 2
integrated luminosity
increased #interaction per bunch crossing
Increased cross-section (higher energy)

b- taggmg much 1mpr0vement already available bbtt: example proxy for outperforming

70

ATLAS Simulation Preliminary 12500 eXpectatlon
60\"_ 13 TeV GN2 : . T
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To follow future developments
Thank you for your attention 70



